Abstract-A magnet system consisting of six superconducting trapezoidal racetrack-type coils is being built for the Jefferson Lab 12-GeV accelerator upgrade project. The magnet coils are wound with Superconducting Super Collider-36 NbTi strand Rutherford cable soldered into a copper channel. Each superconducting toroidal coil is force cooled by liquid helium, which circulates in a tube that is in good thermal contact with the inside of the coil. Thin copper sheets are soldered to the helium cooling tube and enclose the superconducting coil, providing cooling to the rest of the coil pack. As part of a rigorous risk mitigation exercise, each of the six coils is cooled with liquid nitrogen (LN 2 ) to 80 K to validate predicted thermal stresses, verify the robustness and integrity of electrical insulation, and evaluate the efficacy of the employed conduction cooling method. This paper describes the test setup, the tests performed, and the findings.
I. INTRODUCTION
T HE ENERGY of the Jefferson Lab CEBAF accelerator is being doubled in order to deliver 12 GeV electron beams to four experimental halls [1] . This upgrade, which is to be completed in 2017, will enable new physics in the experimental study of gluonic excitations. The CEBAF Large Acceptance Spectrometer for 12 GeV (CLAS12) is a new detector system designed to capture forward focused interaction products at the higher luminosities anticipated from the 12 GeV accelerator [2] . The magnets in the CLAS12 detector are a superconducting solenoid and torus [3] . The torus is made of six superconducting racetrack type coils. The coils have very thin cross sections to maximize the angular acceptance of the detector. The magnet coils are wound from 36 strand, copper coated NbTi Rutherford cable which is flattened and soldered into a copper stabilizing channel. The stabilized conductor is shipped to Fermi National Accelerator Laboratory (FNAL) where it is wrapped with 0.2 mm thick fiberglass insulation and wound on a mandrel around two rectangular cooling tubes to form two 117 turn, conduction cooled pancakes. The resulting coil is vacuum impregnated with epoxy and then sheathed in two 0.6 mm copper sheets which are soldered to the copper cooling tubes, Fig. 1 The coil pack is then fit into a 6061-T6 aluminum coil case and a second potting is done to rigidly pot the coil pack in the coil case. The coil though tries to move to relieve stress as the dissimilar materials in its construction are cooled. The engineering concern was that the stress would cause the epoxy glass composite which holds the magnet turns in place to crack and allow the conductor to move, particularly at cryogenic temperatures, causing the coil to quench. As part of a rigorous Risk Assessment and Mitigation (RAM) program at JLAB, it was decided to cool each of the coils in its aluminum case to liquid nitrogen temperature where >90% of the contraction would have occurred as a test. To limit internal stresses during cool down, the cool down rate of the coil is limited to less than 2 K/hr with no more than a 30 K difference between any two sensors on the coil. Test objectives were: 1) To verify the finite element analysis (FEA) of the coil integrity both electrically and mechanically. 2) To verify the correct operation of the conduction cooling system employed in the coil. 3) To verify the instrumentation suite which was to be used on the production Coil Cold Mass (CCMs). 4) To qualify the cool down system which was to be used for all subsequent production coils. To do the test as cheaply and quickly as possible, it was decided to use gaseous nitrogen (GN 2 ) cooled with liquid nitrogen (LN 2 ) as the working fluid rather than a closed loop refrigerator and helium. It was also decided that a cryostat manufactured from commercial 50 mm × 1. extruded polystyrene foam insulation would be much quicker to design and build than a 1 m × 2 m × 4 m vacuum cryostat and would provide sufficient insulation to reach LN 2 temperatures. Although verifying the finite element analysis (FEA) of the coil stress was a goal of the test, the first coil available for test was a prototype coil wound with dimensionally correct but unusable conductor. The coil also used three 0.3 mm copper cooling sheets rather than the two 0.5 mm sheets used in the final versions, and the outermost sheet on the bottom was not soldered to the copper cooling lines. This coil was to be sectioned after the test to look for cracks in the potting, so no second potting of the coil into the case was done. Instead the coil was shimmed using G10 pieces into the case to transfer the loads from the case to the coil during the cool down. With only the shims in place, the measurements would not be directly comparable with the FEA model.
Another key goal for the test was verification that the conduction cooling system of the coil performed as designed. Results of the cooling performance measured in the test were scaled to the nominal operating temperature of the coil and compared with models to determine the efficiency and performance of the cooling system.
The number and placement of the sensors to be used in the production magnet was tested during the cool down. Since each additional sensor would add cost and complexity to the wiring and data acquisition system, this test would help determine the level of instrumentation and redundancy necessary to understand and operate the coil in its final configuration.
Qualification of the cryostat, its coolant system, and its data acquisition and automation, was the final key goal for the test, since the system is to be used for the subsequent eight production coils. The use of the prototype coil allowed the untested cool down system to be exercised without undue concern that the coil would be damaged if the allowed cooling envelope was exceeded.
II. EXPERIMENTAL SETUP

A. General
The coil was supported in the foam cryostat on two inch thick foam blocks. This prevented the coil from resting on the instrumentation wiring and limited the thermal contact patch to the cryostat surfaces. The placement of the foam under the coil itself may have affected the thermal load on the bottom of the coil during the test.
The CCM was bagged in plastic during the test and a continuous purge of 3-4 liters per minute of GN 2 was used to keep the coil frost free.
B. Instrumentation
The CCM was instrumented with 12 temperature sensors, 4 cryogenic strain gauges and 2 voltage taps. Fig. 2 shows the position of the 12 PT100 [4] thin film platinum RTDs and strain gauges mounted to the CCM. The PT100s were required to be individually calibrated with the data acquisition system to produce calibration curves that were then used to convert the sensor data to temperatures during the test. The PT100 temperature sensors were attached to a 7.94 mm dia. copper cylinder using 3M DP190 [5] epoxy. As shown in Fig. 3(a) , the cylinders were then attached to the copper cooling sheets through holes in the aluminum coil case using DP 190. A polytetrafluoroethylene (PTFE) ring was then placed around the copper cylinder.
The leads for the PT100 were then soldered to a set of gold on carbon-carbon terminals which was then glued to the case. The terminals acted as a strain relief for the sensors and provided a place for the wiring harness to make a connection. The PTFE ring around the copper cylinders was then packed with Apiezon-N grease. The PT100s were configured as in 4 wire resistance measurement. The wire used was a ribbon cable made of six pairs of twisted constantan conductors in an aramid carrier which was insulated from the coil case using polyimide tape and then thermally bonded to the case using aluminum tape, Fig. 3(b) , which also acts a Faraday cage. The coil conductors were instrumented with voltage taps to allow the leakage current from the coil to the case to be measured and the resistance of the coil as a secondary temperature measurement.
C. Data Acquisition and Control System
The data acquisition system used for acquiring data from the temperature sensors is a combination of Analog to Digital Converters (ADC) and a floating point gate array (FPGA) based system [6] . The ADCs used are 14-bit from Analog Devices and the FPGA used for interfacing the ADCs is an Altera Cyclone III. A constant current of 2.5 mA to the PT100 sensors is provided using an op-amp based circuit (Howland's circuit). The Howland circuit keeps the drive current constant, even when there is a change in the resistance due to a change in the temperature of the PT100.
The data from the FPGA is logged in Experimental Physics and Industrial Control System (EPICS) using the PC/104 as an Input Output Controller (IOC) at one second intervals. The FPGA transfers data to EPICS using industry standard architecture bus via the PC/104.
EPICS is then used to implement high level PID loops which control the JT valves to maintain the correct cool down temperature envelope.
D. Foam Cryostat
The foam cryostat, Fig. 4 , was specified such that if the coil were to lose cooling during a test, the coil temperature rise would not exceed the allowed temperature envelope. To do that, the number of watts leaking through the walls based on the R rating of the thickness of the foam should not cause the coil temperature to rise more than 2 K/hr based on the mass of the aluminum and copper in the CCM and the formulas for the specific heat of the materials from the NIST cryogenic material properties database at 80 K [7] . Using the foam manufacturer's R rating of 8 at −10 K [8] for a 25 mm sheet, a wall thickness of 610 mm was chosen to give a 1.8 K/hr rate of temperature change for the CCM at 80 K. After a number of tests, the cryostat was designed so that all joints overlapped to prevent infiltration of warm gas at a joint and a neoprene sheet was installed as a gasket for the lid. When the cryostat was opened after the test it was determined that the neoprene gasket had leaked air by the seal.
E. Cool Down System
The system to cool the coil to 80 K used the same specification developed for the 4.2 K cool down-2 K/hr and no more than 30 K between any two sensors. In order to meet the spec, a system which mixes warm nitrogen (N 2 ) with cold N 2 from an LN 2 cooled heat exchanger is used. The system maintains the proper gas temperature and flow rate to cool the coil. The nominal thermal load for the system was calculated as 450 W based on the sum of the watts coming through the walls of the cryostat and the watts required to cool the coil at the specified rate of temperature change. The line lengths and pipe sizes were then specified in order to provide at least 900 W of cooling at 80 PSI of gas head pressure. Additional temperature sensors were added to the heat exchanger exhaust and to the exhaust stack from the building to aid in the manual process control.
III. DATA ANALYSIS AND RESULTS
The coil cool down took approximately 7 days to reach an average coil temperature of 97 K and approximately 5 days to warm back up to 300 K. In order to accurately calculate the thermal load on the coil, the temperatures of the CCM were logged as the coil warmed up after the gas was shut off. By knowing the mass and calculating the specific heat for the materials as a function of temperature from the NIST tables, the external wattage needed to produce the experimentally observed rate of temperature change could be calculated, Fig. 5 . This wattage value could then be used in the evaluation of the conduction cooling system.
The thermal power from the data indicate that about 500 W were impinging on the CCM at 90 K. This is about twice the design load. The slope to the data in Fig. 5 also suggest that the thermal load was not linear with the temperature of the CCM. This and the frost seen inside the cryostat when opened, suggests that the foam cryostat developed an air leak as the foam cooled. The thermal load data can then be used in an ANSYS [9] model of the coil to develop an expected temperature distribution across the surface, Fig. 6(a) , for 500 W of input heat. From the model we expect to see between 3 and 5 K across the face of the coil. Fig. 2 shows the measured steady state temperature across the coil which agrees with the calculated ANSYS model. The only variance seen between Fig. 2 and the model is for T3-T4. This is due to the coil case which was not included in the initial ANSYS model.
The data can also be scaled to the 4 K nominal operating point and then compared to the 4 K ANSYS model of the CCM to verify the method of cooling the CCM. Results are shown in Table I . Temperature variation across the CCM at 4 K with a load of 13 W is 0.83 K worst case in the ANSYS model. Using the experimental data and correcting for the decreased heat load and specific heat of materials at 4 K, a set of scaled temperature differences between the sensors were produced for the CCM at 4 K. The scaled values are about half the ANSYS values, suggesting that the heat transfer across the CCM to the tubes is better than the model and that the cooling design is conservative and robust.
IV. CONCLUSION
After the warm up test was complete, the coil was removed from the case and the coil was sectioned to allow examination of the potting. No evidence of epoxy failure in the coil pack due to cool down stresses was observed.
The data from the 80 K test show the FEA model of the conduction cooling method is conservative and robust. The magnet in actual operation should exceed the thermal performance predicted by ANSYS based on the scaled 80 K test data.
During the cool down, one sensor failed and one of the voltage taps experienced a short circuit. This failure rate strongly supports continuing our plan for redundancy in the instrumentation. In spite of the failures, the present suite of sensors was able to measure and log significant data during the test.
The cryogenic cooling system was able to cool the CCM to a terminal temperature of about 90 K in 7 days within the specified cooling envelope in spite of the higher than anticipated thermal load. The foam cryostat operated acceptably, however we will improve the gas seal on the lid before the next test to reduce air infiltration. We will also move the foam blocks which support the CCM in the cryostat so that, a) the CCM only rests on the inner web of the aluminum coil case, and b) the foam is outside the plastic gas purge bag. Finally, we will install a layer of MLI between the foam cryostat and the CCM to reduce the radiation losses.
This first test provided a template that will guide the testing of the subsequent eight coils from FNAL.
